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The effect of water soaking and heat-treatment in saturated water vapour at 
250°C for 192 h on the strength of silica glass is studied. Bending strength 
meaurements in liquid nitrogen showed a clear increase of the inert strength 
for heat-treated specimens over that of the untreated material. The increase 
in strength is interpreted as the consequence of water diffusion into exposed 
surfaces of the test specimen, which results in swelling of the glass and 
shielding of cracks, present in the surface of the glass. Experimental results 
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1. Introduction 1234 
In earlier publications [1-4], we explored the idea that water can toughen silica glass 
by diffusing into the glass structure from the crack tip. This process sets up a negative 
stress intensity factor that shields the crack tip and enhances the strength of the 
specimen. Because diffusion rates increase with temperature, crack tip shielding should 
also increase as the temperature is increased, as should the specimen strength. Using 
the model presented in [2], we explored the mechanism of crack tip shielding and 
showed that the calculated changes in strength resulting from water exposure at 88 °C 
agreed sufficiently with experimental values measured on high-silicate glass Vycor 
(Corning Inc.) by Ito and Tomozawa [5], and Hirao and Tomozawa [6]. The effects on 
inert strength at this rather low soaking temperature are only about 10%. In this paper, 
we will address the same phenomenon, but at higher temperatures of   260 ºC.  
Strength measurements with heat treated glass (250 °C) are in principle known from 
literature. Li and Tomozawa [7] soaked silica bars for up to 4 days soaking time and 
tested the strengths in dynamic bending tests under subcritical crack growth conditions. 
To the authors’ knowledge, so far no really inert strength measurements are available 
for water-soaked silica.  
1.1 Water diffusion in silica 
Water diffusion into the surface of silica glass has been studied experimentally by a 
number of investigators, and shown to depend on temperature according to  
 ]/exp[0 TRQAD ww   (1.1) 
where Qw is the activation energy, T is the absolute temperature, and R is the gas con-
stant. As reported in reference [8] for silica in the temperature range 0 °C to 200 °C: 
Qw = 72.3 kJ/mol, log10
 
A0 = -8.12 (A0 is in m
2
/s).  
The diffusion distance b, an appropriate measure for the thickness of the diffusion zone 
(where the water concentration is roughly half of that at the surface) is given by  
 tDb w  (1.2) 
(t=time). 
1.2 Volume swelling 
The relation between volume swelling strain v and the hydroxyl concentration S (in 
weight units) is given by eq.(1.3)  
 Sv  ,  97.0  (1.3) 
Effect of soaking on inert strength 
 2 




















A volume element near the surface that undergoes swelling cannot freely expand. If the 
diffusion zone is small compared to the component dimensions, expansion is complete-
ly prevented in the surface plain and can only take place normal to the surface. The 








zswysw  (1.5) 
2 Total stress intensity factor for a semi-circular surface crack 
As in [4] we begin our analysis by estimating the magnitude of the total stress intensity 
factor, Ktot, experienced by the critical crack during the strength test. The total stress 
intensity factor consists of three contributions: Kapp, which is primarily the result of the 
applied stresses and the geometry of the crack; Ksh which results from water 
penetration into all surfaces and consequently also the initial cracks of the specimen. In 
the absence of subcritical crack growth the condition for crack extension is Ktot ≥KIc. 
In order to provide a transparent analysis we restricted the possible aspect ratios of 
cracks to the commonly chosen semi-circular surface crack. The depth is given by a 
(Fig. 1) and the aspect ratio by a/c=1. The plane of the crack is assumed to be perpen-
dicular to the specimen length axis. 
The applied stress intensity factor given by eq.(2.1) and eq.(2.2) below were derived 
and discussed in [9] for the case of straight specimen surfaces. Since the initial natural 
surface cracks are very small compared to the specimen thickness W, a/W<<1,it holds 
for the stress intensity factor at the deepest point (A) 
 aK applAappl 173.1,    (2.1) 
and for the surface points (B) 
 aK applBappl 29.1,  , (2.2) 
where in bending tests appl is the outer fiber tensile stress. This solution can also be 
used for cylindrical specimens if the crack depth is small compared to the cylinder 
radius, a/R<<1. The crack is assumed to be at the midpoint of the test specimen, with 
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one axis perpendicular to the specimen length axis and the other principal axis in the 
plane of the specimen surface.  
 
Fig. 1 Single failure relevant crack in an infinite body exhibiting a diffusion and swelling zone, a) 
side view, b) top view on the surface crack. 
As noted above, two contributions make up the shielding stress intensity factor: one 
coming from the diffusion zone originating from the crack faces, the second ori-
ginating from the external surfaces of the specimen.  
The shielding stress intensity factors at the deepest point A and the surface points B, 
























aK swBsh 064.0327.1tanh29.1 0,,   (2.4) 
3. Toughness and inert strength 
3.1 Apparent Toughness 
The total stress intensity factors including shielding are given by 
 AapplAshAtot KKK ,,,    (3.1) 
 BapplBshBtot KKK ,,,    (3.2) 
where Kappl,A and Kappl,B are obtained from eq.(2.1) and eq.(2.2); Ksh,A and Ksh,B, from 
eq.(2.3) and eq.(2.4). The applied stress intensity factors for inert tests have to be com-
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The shielding effect is responsible for an apparent increase of the fracture toughness 
which is, in general, identified with the applied stress intensity factor at failure, Kappl,cr. 
From eqs.(3.1, 3.2) the apparent fracture toughness, in the following denoted as IcK̂ , 
simply results as 
 shcrappl KKKK  Ic,Icˆ  (3.3) 
Since Ksh<0, it holds IcK̂ >KIc. On the other hand it becomes clear from the fact that the 
inert strengths are proportional to the applied stress intensity factor, c  Kappl,cr, that 
strength and apparent toughness increase by the same factor. In the following consid-
erations, we therefore concentrate on the strength, exclusively. The apparent toughness 
for the surface and the deepest points of a semi-circular crack is shown in Fig. 2a. 
  
Fig. 2 a) Apparent fracture toughness after hot-water soaking for a semi-circular crack of 30 µm 
depth, b) calculated inert strengths as a function of water-soaking temperature  and soaking time, 
predicted for inert strengths of c=100, 150, and 200 MPa for freshly abraded test specimens.  
3.2 Inert strength 
Using the temperature-dependent swelling strain together with the temperature effect 
on the diffusivity, the inert strengths could be computed as a function of  in the same 
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Strength predictions are shown in Fig. 2b. For this purpose initial inert strengths were 
assumed to be c=100, 150, and 200 MPa.  
4 Strength of unsoaked and soaked specimens  
We studied the strength behaviour of the silica glass EN08NB (GVB, Herzogenrath) 
containing 99.98% SiO2. Cylindrical bending bars of 45 mm length were cut from sili-
ca rods of 4 mm diameter maintaining the original surface from manufacturing. Then 
all specimens were annealed for 1h at 1150°C in vacuum in order to eliminate pre-
existing residual surface stresses. To avoid any water contact, the series foreseen for 
strength measurements in an inert environment were immediately, after cooling down, 
stored in fresh silicon oil as proposed by Sglavo and Green [10] as an inert medium. In 
total, two glass deliveries were considered, denoted in the following as Batch (I) and 
Batch (II). The soaking conditions and surface zone parameters are given in Table 1. 
 






(I) 192 h 263°C - 21.7 0.85 0.82% -240 
(II) 192 h 250°C 250°C 17.7 0.74 0.72% -209 
Table 1 Soaking conditions and properties of the water layer at the surface. sw,0 
calculated due to eqs.(1.4) and (1.5) 
Inert bending strength tests were carried out in liquid nitrogen in a 3-point testing de-
vice. The results for unsoaked specimens (open circles) are shown in Fig. 3a and Fig. 
3b in Weibull representation. The distributions of the unsoaked specimens show the 
usually expected Weibull straight–line. Applying the Maximum Likelihood procedure 
(for details see [11]) for Batch (I) a Weibull modulus of m = 12.3 and a characteristic 
strength of σ0 = 171.3 MPa were obtained. For Batch (II) the obtained Weibull parame-
ters are m = 6.6 MPa and σ0 = 250 MPa. It should be noted that even if the initial 
strength is Weibull-distributed, the strength of specimens under swelling stresses do 
not necessarily result in a Weibull distribution. Because after (water or vapour) treat-
ment, every crack has an individual apparent fracture toughness IcK̂  (e.g. Chapter 3.1), 
depending on the shielding surface layer. The derivation of the Weibull-distribution 
however needs a constant KIc (for details see e.g. Section 10.3 in [12]). The parameters 
for (water/vapour) treated specimens of Batch (II), shown in Tabel 2, therefore may be 
denoted as apparent Weibull parameters. 
Even the strengths of the unsoaked specimens appear rather large. The reason for this 
is of course the 3-point bending loading with its reduced effective surface compared to 
4-point bending tests and on the other hand the circular cross section of the specimens, 
that reduces the effective surface once more. The strength could be described roughly 
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by Weibull distributions except of Batch (I) after water soaking. Table 2 shows the 
related Weibull parameters. Since Batch (I) shows clearly deviating behaviour, the me-
dian values as the strength parameters are compiled in Table 3. From the strengths in 
the untreated state and the fracture toughness of KIc=0.8 MPam [13], the initial crack 
depth a0 can be concluded as shown in Fig. 4a and 4b. 
 
Fig. 3  3-point bending test in liquid nitrogen: Strength of untreated silica (open circles), liquid water 
treated (full circles), and vapour-treated specimens (squares), a) Batch (I), 263°C, b) Batch (II), 
250°C. 
Specimens Batch (I) Batch (II) 
 0 (MPa) m 0 (MPa) m 
untreated 171.3  12.3 250 6.6 
Water soaked - - 395 4.5 
Vapour soaked - - 340 8.1 
Table 2 Strength results, represented by the Weibull parameters. 
 
Specimens Batch (I) Batch (II) 
untreated 160.6 MPa 232 MPa 
Water soaked 367 MPa 373 MPa 
Vapour soaked - 316 MPa 
Table 3 Strength results, represented by the median values. 


















c   (MPa) 



















Fig. 4 Distributions of the initial crack depth a0. 
5 Strength predictions 
Measurements in liquid nitrogen showed a clear increase of the inert strength for both 
the water-soaked and the heat-treated specimens in saturated water vapour. The results 
of Fig. 3 are plotted once more in Fig. 5 together with the predictions according to 
eqs.(2.1-3.4). The predictions were made on the basis of the Weibull distribution for 
the unsoaked specimens. First, the strength of the n
th
 specimen was computed for a 













ln0   (5.1) 
For each selected specimen, the eqs.(2.1-3.4) were applied resulting in the predicted 
strength of soaked specimen corresponding to the same failure probability F. This pro-
cedure yields the red data in Fig. 5. The red arrows stand for the strength increase. 
In the case of Batch (I), the lowest four strength data after soaking obviously differ 
clearly from the prediction showing typical features of a bimodal strength distribution. 
Due to their high strengths, the soaked specimens shattered in more than two fracture 
pieces (mostly 4-6 fragments). Therefore, it was not possible to carry out a fracto-
graphic study on the broken test pieces. 
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Fig. 5  Measured strengths (solid circles and squares) and predictions by the shielding stress intensity 
factor (red circles). 
6 Analysis of nonlinear strength distributions  
In the following considerations on Batch (I), it is assumed that the soaked specimens 
exhibit a bimodal strength distribution caused by competing of two different strength 



















































  (6.2) 
with the two different characteristic strengths 01 and 02 and the related Weibull ex-
ponents m1 and m2. Superposition of these strength results in the total failure probabil-



































  (6.3) 
The Weibull parameters obtained by curve-fitting according to eq.(6.3) are compiled in 
Table 4. The curve fit according to eq.(6.3) is introduced in Fig. 6 by the solid curve. 
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The dash-dotted straight lines give the asymptotes representing the individual strength 
populations. The predicted strength made by using the shielding stress intensity factor 
is close to the measured ones of “population 1”.  
 
Strength population “1” strength population “2” 
m1 01 (MPa) m2 02 (MPa) 
21.4 437.5 [404, 471] 2.7 394 [306, 482] 
Table 4: Weibull parameters for the water-soaked specimens of Batch (I), 90% CI in brackets. 
 
   
Fig. 6 Tessellation of the strengths for the hot water soaked specimens in two strength distributions 
(Batch (I)). 
7 Reason for bimodal strength distribution 
From the nearly linear shape of the strength distribution of unsoaked specimens in the 
Weibull plot, it can be concluded that for these results the initial failure responsible 
cracks were Weibull distributed, too. The bimodal strength distribution of the soaked 
specimens calls for an interpretation by a bimodal distribution of the failure relevant 
flaws. In order to discuss the observed curve shape, let us assume coexistence of sur-
face defects (cracks) and inner flaws (pores) as schematically illustrated in Fig. 7a. The 
blue line indicates the strengths for the surface cracks, whereas the red line gives the 
strengths for the inner flaws. Under normal circumstances, the specimens will fail at 
the surface, because the strength is lowest there. Failure starting from internal defects 
c   (MPa) 
lnln(1/(1-F)) 
F1 
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is very seldom. This is possible only when the two curves intersect at a very small fail-
ure probability F.  
 
       
Fig. 7 a) Strength for failure starting at the surface flaws and at inner defects, b) shift of the surface 
strength by soaking resulting in a bimodal strength curve. 
 
Fig. 8 Images of subsurface defects obtained with a confocal microscope. 
 
Due to soaking, the surface is strengthened by swelling stresses. Consequently, the 
blue line shifts to higher strength values as indicated by the arrow in Fig. 7b. The de-
fects below the surface zone of about 20 µm remain unaffected and can cause failure. 
The measurable strength is the minimum of the shifted blue and the red line. This re-
sults in the kinked black curve as found in our measurements. 























a) internal flaws 
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Since no fractographic examination of the fracture surface was possible for the speci-
men fractured in liquid nitrogen, we inspected the specimens for internal flaws with a 
confocal microscope. Figure 8 shows subsurface defects that cannot be introduced by 
handling of the specimens. Their radii are about 5-10 µm. At least by this inspection 
technique we can confirm the existence of internal flaws competing with the surface 
defects on the lateral surface.  
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